Helicobacter pyloni, a gram-negative, microaerophilic, spiral-shaped bacterium, is an etiologic agent of human gastritis and peptic ulceration and is highly restricted to the gastric mucosa of humans. Urease, synthesized at up to 6% of the soluble cell protein, hydrolyzes urea, thereby releasing ammonia, which may neutralize acid, allowing survival of the bacterium and initial colonization of the gastric mucosa. The urease protein is encoded by two subunit genes, ureA and ureB; however, accessory genes are necessary for enzyme activity. H. pylori urease genes were isolated from a cosmid gene bank and subcloned on a 5.8-kb Sau3A partial fragment carrying ureCDAB, corresponding to four open reading frames described by A. Labigne, V. Cussac, and P. Courcoux (J. Bacteriol. 173:1920-1931 , 1991 . Clones were confirmed as urease gene sequences by polymerase chain reaction amplification. The recombinant enzyme was purified from the soluble protein of French press lysates of Escherichia coli DH5ox(pHP402) by chromatography on DEAE-Sepharose, PhenylSepharose, Mono-Q, and Superose 6 resins. Fractions containing a catalytically inactive apoenzyme were identified by an enzyme-linked immunosorbent assay (ELISA) by using antisera to native UreA (29.5 kDa) and UreB (66 kDa). Purified recombinant urease was indistinguishable from native enzyme on a Superose 6 column and on Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gels. The protein reacted specifically on Western blots (immunoblots) with anti-UreA and anti-UreB antibodies and was recognized with an intensity equal to that of the native enzyme in an ELISA using human sera. Clones containing only ureA and ureB also produced an assembled but inactive enzyme. Enzyme activity was not restored by in trans complementation with cloned urease accessory gene sequences from Proteus mirabilis or Morganella morganii. H. pylori urease genes (ureCDAB) subcloned into pACYC184 were also not complemented with any of 1,000 cosmid clones containing H. pyloni chromosomal sequences. However, larger clones containing 4.5 kb of DNA downstream of ureB synthesized catalytically active urease when grown in minimal medium. These data indicate that the ureA and ureB genes encoding H. pyloni urease are transcribed and translated in E. coli and that these genes alone are sufficient for the synthesis and assembly of the native size enzyme. Genes downstream of ureB, however, are necessary for production of a catalytically active urease.
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Helicobacter pylon, a gram-negative, microaerophilic, spiral-shaped bacterium, is an etiologic agent of human gastritis and peptic ulceration. This species, whose niche is highly restricted to the gastric mucosa of humans, has adopted a strategy of survival that includes the production of bacterial urease, which is synthesized at up to 6% of the soluble cell protein (25) . Urease appears to be critical for H. pylon colonization of the gastric mucosa (12) . In vitro, the bacterium is quite sensitive to the effects of a low pH (22) unless urea is present (36) . It is postulated that the organism hydrolyzes urea, thereby releasing ammonia, which neutralizes acid, allowing survival of the bacterium and initial colonization. Urease-negative mutants of H. pylon, generated by nitrosoguanidine mutagenesis (12) or by the selection of naturally occurring mutants (5, 8) , are unable to colonize when the gnotobiotic piglet model of infection is used (12) . In addition to the survival benefit of urease, there is evidence that ammonium hydroxide, generated by urea hydrolysis, contributes to histological damage (46) . Urease is a key protein used for detection of the organism by measuring serum antibody to the protein (10, 23, 43, 44) , by detecting enzyme activity directly in a gastric biopsy (37) , or by detecting the product of hydrolysis by using urea breath tests (3, 17) . * Corresponding author.
The H. pylon urease is a high-molecular-mass (550-kDa) multimeric enzyme comprising two distinct subunits of 66 and 29.5 kDa (11, 13, 25, 38) . The ratio of subunits, determined by densitometric scanning of stained polyacrylamide gels of purified preparations, is approximately 1:1, suggesting a stoichiometry of (29.5 kDa-66 kDa)6 for the native enzyme (25) . Like all other ureases (20, 39) , nickel ions are present in the native, catalytically active enzyme structure (21) , probably as a component of the enzyme active site.
Purified H. pylon urease has a higher affinity for urea than other ureases studied to date. With a Km for urea of 0.2 to 0.3 mM (11, 25, 38) , this enzyme is well suited for urea concentrations in the stomach (4 mM) or blood (1.7 to 3.4 mM) (38) . The ureases of uropathogenic species have significantly higher Kms and function well below their Vmax at these low substrate concentrations (27) .
The urease protein is encoded by two subunit genes, ureA and ureB; however, seven other genes are either necessary for activity or associated with these gene sequences (9, 30 (16) .
To assess the urease activity of recombinant clones, a nitrogen-limited minimal salts agar (a concept introduced in reference 9) was used (M9 medium [34] without NH4Cl and Casamino Acids but supplemented with 10 mM L-arginine, 0.6% [wt/vol] urea, 0.0035% phenol red, and 2% agar).
Polymerase chain reaction (PCR) amplification. Pairs of oligonucleotide primers were used to detect the presence of urease structural genes, ureA-ureB, in H. pylon UMAB41 and respective cosmid clones (15) . To amplify the 2,409-bp fragment containing the complete ureA and ureB genes, two oligonucleotides with the recognition sequences 5'AGGA GAATGAGATGA3' (bp 53 to 67 [6] ) and 5'ACTFITATTGG CTGGT3' (bp 2462 to 2448 [6, 15] (30) .
Chromosomal DNA isolation. Chromosomal DNA was isolated from bacterial cells lysed with sodium dodecyl sulfate (SDS); treated with proteinase K; and extracted with phenol, chloroform, and ether by the method of Marmur (35) .
Gene bank construction and cloning. A gene bank of H. pylon UMAB41 chromosomal DNA was constructed in E. coli HB101 (41). Briefly, isolated chromosomal DNA was partially digested with Sau3A, ligated into the BamHI site of cosmid vector pHC79 (34) , and packaged in vitro by using the Gigapack lambda packaging kit (Stratagen Cloning Systems, San Diego, Calif.). E. coli HB101, grown in Luria broth supplemented with 0.2% (wt/vol) maltose, was transfected, and cosmid-containing clones were selected on Luria agar containing ampicillin (200 ,ug/ml).
Plasmid DNA isolation. Plasmid DNA was isolated by alkaline SDS extraction (4) from cultures (200 ml) of E. coli HB101 or DH5cx. DNA was purified by centrifugation to equilibrium in cesium chloride-ethidium bromide density gradients (34) .
Colony blot hybridization. Bacterial colonies grown on nitrocellulose filters were hybridized with DNA probes as described by Maniatis et al. (34) DH5at (34) .
Antiserum production. Polyclonal antiserum to each of the purified H. pylon urease subunits, UreA and UreB, was raised in New Zealand White rabbits as previously described (25) .
Enzyme-linked immunosorbent assay (ELISA). Serum immunoglobulins to H. pylon antigens was measured by the method of Dent et al. (10) . Antigens were purified as described in this report and in reference 25. Antigen concentrations of 0.5 ,ug per well were used in all assays. Test sera have been described by Hopkins et al. (23) . Additionally, column fractions were monitored by similar methods using rabbit anti-UreA and anti-UreB antibodies.
PAGE. SDS-polyacrylamide gel electrophoresis (PAGE)
was carried out by the method of Laemmli (31) or for gradient gels by the method of Hames (18) . Nondenaturing (4 to 15% polyacrylamide gradient) PAGE was done as described previously (27) .
Urease preparations. E. coli HB101 or DH5ot containing plasmid clones or vector alone was grown in 100 ml of Luria broth at 37°C for 18 h with aeration. Cells were harvested by centrifugation (8,000 x g, 4°C, 10 min); washed in 20 mM sodium phosphate (pH 6.8); resuspended in 3 ml of 20 mM sodium phosphate with 10 mM P-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, and 1 mM EDTA; and passaged through a French pressure cell at 20,000 lb/in2. Insoluble material was removed by centrifugation (10,000 x g, 10 min, 4°C). Soluble protein was used for Western blotting (immunoblotting).
Western blot. Protein was electrophoresed on 10 to 17% polyacrylamide gradient gels and blotted onto nitrocellulose. Western blots were developed as described by Towbin et PBS, filters were incubated in 1:1,000 conjugated goat antirabbit immunoglobulin G-alkaline phosphatase for 1 h. Filters were washed as described above, and the color reaction was developed with Nitro Blue Tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate.
Phenol red spectrophotometric assay. Rates of urea hydrolysis were measured by the spectrophotometric assay of Hamilton-Miller and Gargan (19) calibrated for the measurement of ammonia as described previously (40) .
Maxicell analysis. Plasmid-encoded polypeptides were labeled with [35S]methionine (specific activity, 800 to 1,000 Ci/mmol; Amersham) by using UV-treated E. coli SE5000 (pHP802) and SE5000(pHP402) by the method of Gherardini et al. (16) . Labeled polypeptides were solubilized in SDSpolyacrylamide gel sample buffer, electrophoresed on a 10 to 25% polyacrylamide gradient gel, and visualized by autoradiography.
Protein purification. Bacterial cells (30 g, wet weight) from Luria broth cultures of E. coli(pHP402) were suspended in 50 ml of 20 mM sodium phosphate, pH 6.8-1 mM EDTA-1 mM I-mercaptoethanol-1 mM phenylmethylsulfonyl fluoride and disrupted by two passages through a French pressure cell at 20,000 lb/in2. Unbroken cells were removed by centrifugation (10,000 x g, 10 min, 4°C). The supernatant was centrifuged (100,000 x g, 60 min, 4°C) to remove membrane components. Soluble protein was used for column applications. DEAE-Sepharose, Phenyl-Sepharose, Mono-Q, and Superose 6 resins were used as described previously for purification of the native urease (25 
RESULTS
Cloning of H. pylori urease genes. When 1,188 gene bank clones of H. pyloni UMAB41 chromosomal DNA in E. coli HB101 were screened with the two oligonucleotides, 20 clones hybridized with probe A and 23 hybridized with probe B. Of these, 13 clones hybridized with both oligonucleotides. None of these clones expressed detectable urease activity. Four of these clones, all between 41 and 51 kb in size, displayed a common 1.5-kb BamHI fragment, which suggested limited overlapping of all four clones. Three of these four clones shared a common 5.6-kb BamHI fragment which hybridized with the second oligonucleotide. One of these three cosmid clones, pHP9D11 (47 kb), was used for further analysis.
PCR amplification using primers to the 5' end of ureA and the 3' end of ureB yielded identical 2.4-kb fragments from H. pylori UMAB41 chromosomal DNA and cosmid clone pHP9D11 (Fig. 1) . When the 2,409-bp PCR products amplified from H. pylori UMAB41 and pHP9D11 were digested with HaeIII, both gave identical restriction digest patterns for the PCR products. An internal 360-bp product which spanned the ureA-ureB junction was also amplified from H. pylon and the cosmid clone, confirming the identity of the For subcloning, cosmid DNA of pHP9D11 was partially digested with Sau3A, yielding fragments ranging from 5 to 6 or 7 to 10 kb. Alkaline phosphatase-treated BamHI-digested plasmid vector pACYC184 was ligated with each range of Sau3A fragments and transformed into E. coli DH5oa. Fortynine of 131 chloramphenicol-resistant, tetracycline-sensitive clones hybridized with probe A. Three of these subclones, the 10.0-kb pHP402, the 12.1-kb pHP802 (Fig. 2), (30) (Fig. 4, left panel) . Although a polypeptide of 14 kDa corresponding to UreD was not observed, an oligonucleotide (probe D) specific for this open reading frame hybridized with both pHP402 and pHP802. These data suggested that these clones carried ureCDAB. Plasmid pHP902 carrying only ureA and ureB sequences synthesized polypeptides of 66 and 29.5 kDa (apparent molecular masses) (Fig. 4, right panel) (Fig. 4) . A similar procedure was used to construct a ureB mutant in which plasmid pHP402 was linearized with BamHI. This resulted in two clones, one with a 300-bp deletion and one with a 600-bp deletion within ureB, the former of which was designated pHP402AureB. Likewise, this deletion corresponded to the loss of a 66-kDa polypeptide on the gel of maxicell-labeled polypeptides (Fig. 4) .
The electrophoresis of soluble proteins from these mutants and the detection of urease gene products on nondenaturing polyacrylamide gels were used as an index of enzyme assembly. A Western blot was prepared from these gels by using pooled anti-UreA and anti-UreB antibodies (Fig. 5 ). E. coli DH5at containing pHP402 and pHP402AureC produced urease proteins with the same electrophoretic mobility as purified native enzyme (25) (25) , suggesting that the recombinant enzyme was indeed assembled in E. coli. This also indicated that the surface charge, relative hydrophobicity, stoichiometry of subunits, quaternary structure, and molecular weight were identical for native and recombinant urease.
Protein samples (13.5 ,ug) from each purification step were electrophoresed on an SDS-polyacrylamide gel and stained with Coomassie blue (Fig. 7) . Like the native enzyme, the recombinant urease comprised two distinct subunits of 66 Expression of H. pylori urease activity in E. coli. To determine whether additional H. pylon chromosomal genes located at a distance from the urease genes are necessary for activity, in trans complementation experiments were done. E. coli(pHP802), a pACYC184 construct, was used as the recipient for in vitro-packaged H. pylon chromosomal DNA partially digested with Sau3A and ligated into pHC79 (standard gene bank preparation [34] ). Cotransformants were selected on Luria agar containing both chloramphenicol (20 jig/ml) and ampicillin (200 jig/ml). Colonies were replica plated onto urea segregation agar (14) to screen for urease production. None of approximately 1,000 colonies screened was positive for urease activity.
The possibility existed that H. pylon genes necessary for an active urease were not synthesized or not functional in E. coli. To determine whether urease accessory genes from enteric species could complement activity, E. coli DH5a (pHP802) was cotransformed with transposon mutants of cloned urease sequences from M. morganii and P. mirabilis. For M. morganii, plasmids pMOM203::TnS-7, -8, -22, -31, and -33 represented transposon insertions that spanned 4 kb of these urease gene sequences (26) . For P. mirabilis, plasmid pMID1417, a TnS insertion that abolished structural subunit production, was used (28) . None of the six cotransformants synthesized an active urease.
Cussac et al. (9) reported recently that nitrogen-limiting conditions were necessary for the expression of a catalytically active recombinant enzyme. To test whether nitrogen limitation would yield a catalytically active urease, our clones containing ureCDAB (pHP402 or pHP802) or a plasmid bearing these genes plus DNA downstream of this region (plasmid pHP808) were cultured on minimal salts agar, with 10 mM arginine replacing NH4Cl, conditions described as optimal (Fig. 9 ). Under these conditions, E. coli DH5a(pHP808) was qualitatively positive for urease activity. E. coli(pHP402) and E. coli(pHP802) were negative for urease activity under these growth conditions.
DISCUSSION
The urease subunit genes of H. pyloni, ureA and ureB, are expressed in E. coli, and these genes alone are sufficient to encode a fully assembled but catalytically inactive apoenzyme. The subunit genes are apparently transcribed and translated in E. coli by using the H. pylon promoter since genes are equally well expressed when cloned in either orientation (pHP402 or pHP802) into pACYC184 (Fig. 3) . Deletion mutations in ureC (Fig. 9) , an accessory gene upstream from ureA and ureB, do not significantly affect the synthesis and assembly of the apoenzyme. UreC mutants synthesize a protein, recognized by anti-UreA and antiUreB antibodies, which has the same electrophoretic mobility on nondenaturing polyacrylamide gels as do purified native urease and recombinant urease synthesized from pHP402, suggesting that enzyme assembly is not affected by a lack of the UreC polypeptide (Fig. 5) 6 (Fig. 6) , the value we previously reported for the native enzyme (25) .
The modification of the urease apoenzyme that is necessary for a catalytically active enzyme must be relatively minor. When active native enzyme purified from H. pyloni UMAB41 was compared with purified recombinant enzyme, no difference could be noted in the charge (elution profiles from DEAE-Sepharose and Mono-Q columns), hydrophobicity (elution profile from Phenyl-Sepharose), apparent molecular weight and quarternary structure (Superose 6 and nondenaturing polyacrylamide gel profiles), subunit sizes (migration of UreA and UreB on SDS-polyacrylamide gels), or antigenicity (equal recognition by anti-UreA or anti-UreB antibody on Western blots). We speculate that inactivity of the recombinant urease is not due to a lack of enzyme assembly but rather to a failure to incorporate nickel (Ni2+) ions into the active site.
Evidence from work with enteric urease genes suggests that certain accessory genes play a role in the incorporation of nickel ions into the active site. Processing may include transport of the ion into the cell or insertion of the ion into protein during polypeptide folding and assembly. The ure-EFG genes of K aerogenes were shown to be necessary for the production of an enzymatically active recombinant enzyme (32, 42) . When these genes, downstream of the structural subunit genes, were absent, the apoenzyme was produced but no enzyme activity could be detected. This observation is consistent with our data for H. pyloni. Plasmid pHP808, which contains 4. (Fig. 8) .
Although nine open reading frames have been shown to be either essential for enzyme activity or associated with urease gene sequences (9, 30) , only ureA and ureB are necessary for the synthesis and assembly of the 550-kDa apoenzyme.
Additional modification, probably associated with Ni" insertion, is carried out by accessory genes downstream of ureB.
